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ABSTRACT 
Rapid urbanization in emerging economies, like Vietnam, is commonly realized via the multiplication of 
stereotype projects consisting of high-rise apartment blocks, terraced, semi-detached and detached 
houses. For these types of dwellings, in the hot and humid Vietnamese climate, individual air 
conditioning systems are typically used. This requires a large share of the country energy resources. 
Until recently comfortable traditional housing has however been built without using such energy 
intensive cooling. This paper focuses on the energy consumption and thermal comfort in residential 
buildings if only natural ventilation is used, taking into account the urban environment. Via a 
parametric simulation several building types are optimized, looking at the urban layout, building 
orientation and size, window design and internal wind permeability. A two-step procedure is followed 
for the analysis. Firstly, a simplified model is used to analyse a large range of design alternatives and 
secondly, dynamic energy and thermal comfort simulations with EnergyPlus are made for a selected 
number of design options. Results reveal that the average life cycle cost of the optimal cases is 34% 
lower than the reference cases. The window sizes, building layouts and urban forms are crucial 
parameters to compensate with orientations at the early design stages. One optimization procedure was 
developed to make maximum use of passive design measures in large scale housing projects. 
Key words: EnergyPlus, GenOpt, Natural ventilation, Method for cost control, Parametric Wind 
pressure coefficient. 
INTRODUCTION 
Energy efficiency due to energy price and thermal comfort expectation in dwellings in urban areas 
lead to passive designs at the early stage. For passive design in hot and humid climates natural 
ventilation and thermal mass are crucial aspects. Natural ventilation, even when coupled with air 
conditioning, plays an important role when optimizing the life cycle cost and thermal comfort of 
buildings (A. T. Nguyen & Reiter, 2013). Studies in the context of Malaysia and Singapore proved that 
ventilation can provide good thermal comfort (Kubota, Chyee, & Ahmad, 2009). Moreover airflow 
through building openings is a critical factor influencing heat and moisture exchange between thermal 
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zones and the outdoor environment (Hens, 2002). The wind pressure is therefore a boundary condition 
for airflow network models (Cóstola, Blocken, & Hensen, 2009).  
Until recently vernacular housing has been built without using energy intensive cooling. In 
Vietnam, vernacular dwellings cannot provide perfect comfort, but they can be fairly well adapted to the 
local climate by using low energy design principles (A.-T. Nguyen, Tran, Tran, & Reiter, 2011). 
Therefore, buildings would benefit from low-energy mechanical systems and occupants’ adaptive 
responses such as changing clothing, opening windows and switch on mechanical ventilation. In urban 
areas with high building density, such as in the Mekong Delta, cooling systems have however been 
increasingly installed in bedrooms. This is a consequence of inappropriate design of buildings and urban 
layouts, such as building orientation and density, window sizes and overhang depths. Those cooling 
systems require a large share of the country energy resources. 
There exist however only a few studies to optimize both building geometry and urban layout by 
parametric simulation and which consider effects of natural ventilation and solar radiation on energy 
cost, thermal comfort and human responses. The aim of this research project is to predict building energy 
consumption and discomfort, in an urban context, if only natural ventilation is used and supplemented, if 
necessary, by cooling. Via a parametric simulation building types are optimized, looking at the urban 
layout, building orientation and size, window design and internal wind permeability. A two-step 
procedure is followed for the analysis. Firstly, a simplified model is used to analyse the effect of urban 
layouts by comparing six reference cases and optimising building geometry. Secondly, the parameters, 
defined on the neighbourhood and building scale are considered together. EnergyPlus is used for the 
dynamic energy calculations and GenOpt is used to search for an optimum out of the multiple design 
options. 
METHODOLOGY 
This study includes five steps. (1) Urban layouts, consisting of a number of terraced houses, are 
simplified and key parameters are selected. (2) For one reference terraced house, the wind pressure 
coefficients (Cp) on the roof and facades are estimated for 36 orientations and different urban 
parameters. (3) The Fanger model for thermal comfort evaluation is implemented. (4) A stepwise 
strategy to strive for occupant comfort is defined, including the following measures: adapt clothing - 
manage natural ventilation - switch on forced air circulation - start the cooling system. (5) An 
optimization method and an objective function are used to calculate the energy cost, investment cost and 
60-year life cycle cost of the analysed options. All design parameters related to both the building and 
urban scale are varied and sent to EnegyPlus by the optimization tool GenOpt. 
Simplifying urban forms and parameters selection 
Figure 1 simplified urban fragment, representative for large scale housing projects in Vietnam. 
The simplified urban layout model, as shown in Figure 1, represents large scale housing projects, 
which can be found in many suburban areas in Vietnam. The terraced house type was selected because 
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this type constitutes the majority of the dwelling units in housing projects. This urban layout is described 
with following key parameters: the height of the surrounding buildings, road width, building setback and 
house width and depth. For this simplified urban fragment, the percentages of circulation, residential-
open and residential-built-up are calculated, using the element method for cost control (De Troyer, 
2008); (Allacker et al., 2011). 
The terraced house geometry 
As shown in Figure 2, a simple terraced house model was defined, including seven thermal zones: 
a stair case, a living room, a kitchen and four bedrooms. The outside doors are modelled as windows. 
The floor height is three meters and the depth of the circulation zone is four meters. A balcony, 
functioning as an overhang for shading, is provided along the whole house width. The geometric 
parameters of the analysed terraced house, which is representative for the Vietnamese city of Cantho, are 
shown in Table 1. This housing unit is simulated with different construction elements including external 
walls, internal walls, glazing and roof elements. 
Table 1 Numerical variables and their design options (continuous variables). 
Design parameters Abbreviation Initial values Range (m) Step size (m) 
Urban layout: 
Height of surrounding buildings H1 to H14 9 1 to 36 3 
Width of roads Rw, Rl 12 12 to 24 4 
Back garden depth Bg 12 12 to 24 4 
Terraced row depth W 16 10 to 20 2 
Terraced row length  L 40 40 to 120 10 
Terraced house geometry: 
Terraced house width  Bw 6 5 to 10 1 
Front façade overhang  ov1 1.5 0.5 to 2 0.5 
Rear façade overhang  ov2 1.5 0.5 to 2 0.5 
Window width win1, win2, wwr 1.5 1 to 5 0.5 
Figure 2 Terraced house section. Zone 1 and zone 4 are living room and kitchen. Zone 2, 3, 5 and 
6 are bedrooms. Zone 7 includes the stair case and circulation area. 
Wind pressure coefficient (Cp) 
The TNO Cp-generator, developed in the Netherlands, is used to calculate the wind pressure 
coefficient (Cp) values on facades and roofs of block-shaped buildings. This generator is based on finite 
element calculations and has been verified with wind tunnel experiments (Nicolas Heijmans & Peter 
Wouters, 2003). The TNO Cp-generator was validated by measured data (B. Knoll, J.C. Phaff, & W.F. 
de Gids, 1995). This validation showed a rather good agreement between measured and calculated 
results. A similar approach, using this tool, was applied in other studies to obtain the Cp value for a large 
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urban fragment (Sun et al., 2014). 
Multiple linear regressions for wind pressure coefficient (Cp) values 
For a specific wind orientation the Cp value in the middle of the windward façade of the terraced 
row, situated in the middle of the urban fragment, depends on 19 independent parameters. An overview 
of those parameters is given in Table 1: terraced row length (L), terraced row depth (w), width of road 
parallel with terraced row (Rw), width of road perpendicular to terraced row (Rl), building setback (Bg) 
and the height of the fourteen surrounding buildings (Hi) (with i = 1 to14, thus 5+14=19). The same 
dependency is true for the leeward façade and the roof. The theoretical combinations that can be derived 
by varying each parameter are very large. Therefore in a first step the “Latin Hypercube Sampling 
method” is applied to generate 200 combinations of 19 independent parameters. In a second step the Cp 
values of those combinations are calculated based on the TNO Cp-generator. In a third step, via multiple 
linear regression analysis, the coefficients of the equation, predicting the Cp values based on the 
neighbourhood parameters, are derived. For example, one regression function for the front façade is: 
Cpfront1 = af1i*Hi+ af2*L + af3*W + af4*Rw + af5*Rl + af6*Bg + intercept. 
The model that has to be considered in order to obtain stable results consists of five building rows 
in depth direction, three buildings rows in width direction and an air volume height that is equal to 5 
times the building height. In this study all 14 surrounding buildings were assumed to have the same 
height, but the model could also be used for buildings with different heights. In a next step, the same 
approach can be followed for another wind direction. In order to keep the model manageable only 36 
orientations are considered, thus varying in steps of 10°. Figure 3 compares the Cp values obtained from 
the TNO Cp-generator with those predicted by the linear regression function. The results of one 
geometric variant are shown for the front and back façade, and the roof, for the 36 wind directions. For 
all other variants a similar good fit could be found. As the “test reference year” (TRY) in EnergyPlus 
contains for each hour the wind speed and wind direction, linear approximations are used to derive the 
driving forces for natural ventilation. Based on opening characteristics and wind-permeability of the 
dwelling the inside air velocity is calculated. This air speed is then used for predicting thermal comfort 
based on the Fanger model. 
Figure 3 Wind pressure coefficient values of multiple linear regression functions (…Cp) and 
calculation with the by CpGenerator TNO (…CpTNO), (Nguyen Van, Miyamoto, 
Trigaux, & De Troyer, 2014). 
Comfort evaluation and strategy based on dynamic schedules for ventilation and cooling 
Fanger (Fanger, 1970) developed a thermal load index, consisting of a “predicted mean vote” 
(PMV) on a 7 points scale from “cold” (-3) over “neutral” (0) up to “hot” (+3), based on the heat balance 
between the body and the environment. His work was the basis for different thermal comfort standards, 
such as the ASHRAE Standard 55-92 (ASHRAE, 2004) and ISO 7730 (ISO 7730, 2005). In this method, 
the thermal comfort is defined as the condition when the PMV is between -0.5 and +0.5, which 
correspond with 90% of users satisfied. The PMV can be used to simulate control actions from “passive” 
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to full HVAC (Fadzli Haniff, Selamat, Yusof, Buyamin, & Sham Ismail, 2013). 
In this study, this approach was implemented in the following way: (1) The PMV values for a zero 
air velocity and minimum cloth-values (0.36), which are representative for the domestic habits in 
Vietnam, are calculated via the “Energy management System” in EnergyPlus. If the PMV value is higher 
than +0.5, fans are switched on. In the living areas, fans with three speed levels generate a wind speed of 
respectively 0.2, 0.4 and 0.6m/s. In the bedrooms, fans with two speed levels (0.2 and 0.4 m/s) are 
provided. When the maximal fan velocity is set and comfort is not yet reached, windows are closed and 
the cooling system is switched on with a set point of 27°C. During the simulations, activity levels of 1.2 
met for the living room and 1.0 met for the bedrooms are considered. The living room, kitchen and 
staircase are assumed to be used from 5:00 to 9:00 and from 17:00 to 23:00 during working days. In the 
weekend, the living room is used from 5:00 to 23:00. The bedrooms are used from 23:00 to 5:00. 
All lights in the model are controlled by time schedules and luminance levels using two sensors in 
each zone. The luminance levels for the living room, kitchen, bedrooms and circulation area are 
respectively 300 lx, 500 lx, 300 lx and 150 lx. 69 lm/W LED lights are considered in all zones. An 
example of input (occupancy schedule) and output (PMV, inside air velocity) is given in Figure 4. 
Figure 4 Example of a dynamic schedule for one week 
Optimization method and objective function 
To optimize the building costs with thermal comfort constraint, a parametric simulation, based on 
the dynamic energy simulation software, EnergyPlus 8.01, was used. Then EnergyPlus was coupled with 
the optimization tool GenOpt to minimize the results of the objective function (Wetter, 2011). The life 
cycle cost is present value which is calculated including construction, maintain, operation, land and 
infrastructure costs. The operation and maintain costs were estimated with 5% inflation rate and 10% 
nominal discount rate for the energy cost for 60 years life span. The unit costs were used from local data 
at Cantho and land cost based on (Nguyen Van & De Troyer, 2013).  
The optimization of building design alternatives is a non-linear multi-objective process. Hence, it 
often requires a trade-off between conflicting design criteria, such as the initial construction cost and the 
operating cost (Wright, et al., 2002). The most common approach to optimize such conflicting criteria is 
to apply the concept of Pareto optimization in which a set of trade-off solutions, called Pareto front, is 
obtained. This approach results in many Pareto-optimal design options, out of which designers or users 
can select the most preferred one, based on their specific preferences. The study minimizes the sum of 
the initial cost and operational cost for energy, replacements and maintenance within the constraint that 
total discomfort hours should be smaller than 10% of the hours that people are present. The number of 
hours that cooling is required or that people feel dis-comfortable if no cooling is available and the 
required cooling energy based on a system with 100% efficiency is reported. 
CASE STUDY 
Varying all selected parameters with fixed north orientation 
In Figure 5, as an example, input and output for one day in April are represented for one bedroom, 
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in order to illustrate the variations in PMV values, operation of fans and cooling. Additional settings are: 
sleeping period from 23 to 5. As a rule, when the indoor air temperature is higher than the outdoor air 
temperature, the windows are opened for natural ventilation. As shown in Figure 5, the PMV values are 
between -0.5 and +0.5 during the occupation period from 0 to 5 am, thanks to the natural and forced 
ventilation. From 5 am nobody is present in the rooms and fans or air conditioners are stopped. At the 
same time, the increase in outdoor temperature results in a higher indoor air temperature and the PMV 
surpasses 0.5. From 17:00, the outdoor temperature is again below the indoor temperature, so that 
cooling via ventilation is possible. From 23:00 the bedroom is occupied and additional cooling is 
required during one hour. 
 
Figure 5 Ventilation volume, outdoor air temperature, zone air temperature, PMV values, zone air 
velocity and cooling set point, during one day in April, in zone 2 (bedroom). 
The reference terraced house, using the initial values defined in Table 1, was analysed in six 
extreme urban layouts, considering north-oriented front façades, as shown in Figure 6. The results for 
the energy, construction and life cycle cost are reported for the reference cases and further optimised by 
changing window, glazing types and overhang sizes. 
 
 
Figure 6 Six urban layouts with different built-up ratio and building densities:  
Case 1, 2, 3: L =120m; W = 16m; Rl = Rw = Bg =12m; Built-up Ratio = 52%.  
Case 4, 5, 6: L = 40m; W = 16m; Rl = Rw = Bg =24m; Built-up Ratio =25%. 
 
Figure 7 Energy cost of the reference terraced houses and the optimal solutions of 6 cases. 
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To evaluate the effects of solar radiation and natural ventilation, the 6 urban layouts, described in 
Table 1 were analyzed by varying window sizes glazing types and overhang depths. The results show 
that the life cycle cost of the optimal cases is 34% lower than the reference cases, as shown in Figure 7. 
Moreover, we can see the impact of the urban layout on available solar radiation and natural ventilation: 
the models with a higher building density (narrow streets or higher buildings) require a higher energy 
cost for fans and cooling. 
When only considering a fixed north orientation (A) for the front façade, as shown in Figure 8 or 
varying all parameters including (B) orientation, as shown in Figure 9, the lowest building life cycle 
costs (including land and infrastructure costs) are respectively 245 and 242 ($/sqm floor) and energy 
costs are respectively 13.1 and 13.8 ($/sqm floor). As shown in Table 2, important differences are found 
for the optimal window dimensions, depending on the orientation. Moreover, the optimal height of 
surrounding buildings is 34.5 m for an orientation of 120 degrees, compared to 9.4 m for the north 
orientation because of the predominating south-east wind direction in summer time. 
 
Figure 8 Pareto fronts of about 7300 design alternatives with north-oriented front façades. 
Table 2 Optimization results for the neighbourhood model with north-oriented front façade (A) 
and varying orientation (B). 
Varying all selected parameters with orientation from 0 to 360 degree 
 
Case L W Rw Rl Bg H Bw ww1 ww2 wwr ov1 ov2 orient 
 (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (degree) 
(A) 120 20 12 12 6 9.4 10 2.8 2.5 0.97 0.5 0.5 0 
(B) 120 20 12 12 6 34.5 10 3.5 3.7 1.09 0.5 0.5 120 
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Figure 9 Pareto fronts of the neighbourhood model with varying orientation from 0 to 360. 
Construction elements of optimal solutions of both cases with the North and 120 degree orientation 
are shown in Table 3. Pyrolytic clear glass is a reflective glazing type with low solar transmittance at 
normal incidence. This glazing type is appropriate to reduce heat gains in hot and humid climates with 
strong solar radiation. 
Table 3 Optimization results for the construction elements 
Elements Material layers 
Roof 6mm asphalt; 10cm reinforced concrete; 1.5 cm ceiling mortar 
Internal wall 1.5cm mortar; 10cm clay brick; 1.5cm mortar 
External wall 1.5cm mortar; 10cm clay brick; 1.5cm mortar 
Glazing 6mm Pyrolytic clear glass 
Floor Floor tile; 1.5cm mortar; 10cm reinforced concrete; 1.5 cm ceiling mortar 
DISCUSSION 
The results of the optimization process show that adaptations on three levels should be considered 
in the early design stage: materials, building geometry and urban layout. First, reflective glazing can 
reduce solar gain. Moreover external walls with a clay brick layer and two layers of mortar provide a 
good thermal performance for a low cost. Second, when windows are protected from solar gains with 
overhangs, the window size should be maximized for improving natural ventilation. The cross 
ventilation can be increased because of the buoyancy wind flows street canyon (Allegrini, Dorer, & 
Carmeliet, 2014). Furthermore, road width, building setback and obstacle heights effect solar gains and 
wind circulation importantly. Hence, natural ventilation can be improved by window size, orientation 
and urban density. Not considered in this analysis is that trees and plants can reduce incident solar 
radiation, (Villalba, Pattini, & Córica, 2014), but also wind permeability. As a conclusion, the model can 
be adapted based on many design parameters at different scale levels. In reality, selecting a main 
orientation for an urban area depends on the existing infrastructure, but a disadvantaged orientation can 
be compensated by changing the building geometry. 
CONCLUSIONS 
In this paper one optimization procedure is developed to make maximum use of passive design 
measures in large scale housing projects, while guaranteeing a pre-defined thermal comfort. This 
procedure takes into account following aspects: solar radiation (including reflection), wind pressure 
coefficients for natural ventilation, building geometry, urban layout and a stepwise strategy adapting (1) 
clothing, (2) open or close windows, (3) vertical or ceiling fans, and (4) cooling. The implemented 
dynamic schedule provides comfort, in the hot and humid Vietnamese climate, during more than 90% of 
the occupation time. This strategy requires sustainable occupant behaviours or automatic control systems 
to follow the dynamic schedule or careful intervention by occupants. This model can be extended to 
other urban geometries, such as towers and urban street blocks, other energy management systems, other 
occupancy and activity schemes, other construction technologies and other economic scenarios (growth 
rate of costs, interest rates and life span.  
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